Abstract-Although design is a problem that has been addressed in the literature, maintaining, upgrading and expanding energy distribution networks along the entire life-cycle is a topic that has received scarce attention. The problem includes considering the long-term dependence of the efficiency of the investments along their life span. This work presents a novel model for the optimization of energy distribution networks considering the decaying performance caused by equipment aging. Increasing maintenance costs have been included to model the decaying performance, thus giving rise to an MINLP formulation. A simplified case study based on a real electricity distribution network has been used as a test bed for the proposed approach. Results show that unrealistic sizing and planning solutions are obtained when the decaying performance is not considered and demonstrate that the proposed MINLP overcomes such limitations.
INTRODUCTION
In recent times, great effort has been devoted to the study of transmission networks [1], [2] and distributed energy systems [3] . Previous research addresses the issues of generation and consumption (sources and sinks nodes). However, little attention has been paid to distribution and its associated needs and investments. Equipment aging can significantly affect the performance of a distribution network Moreover, further legal, administrative, physical or financial issues could also alter the investment performance along its life span. Thus, a decreasing performace should therefore be considered during the investment planning. Otherwise, the designed network may be actually unrealistic and may significantly underestimate the costs of a network that has to face equipment aging. Despite this, to the best of our knowledge, there are no previous studies which consider the depreciation of energy distribution networks.
This work aims to solve the problems that distribution companies face when managing facilities (put into service, maintain and dismantle) by providing a general tool for the design and long-term planning of distribution networks subject to decaying performance. The proposed strategy consists of a mixed-integer non-linear programming (MINLP) model, which is built on a general supply chain model [4] .
The model includes energy balances in each node and requires the individual treatment of each facility to accurately assess the decaying performance of facilities. The model includes energy balances in each node and requires the individual treatment of each facility to accurately assess its regression in terms of both the power supplied and the economic return. Hence, the investment plan (decision variables) consists not only on the start-up and shutdown of alternative distribution facilities, but also on the sizing (i.e. capacity, reliability and cost) of the lines satisfying the energy flows. The general MINLP model developed is aimed at efficiently manage the substitution of unprofitable distribution facilities due to their inherent decaying performance, and it has been applied to the particular case of an electricity distribution company in Spain.
The model has been implemented in GAMS. Results considering a variety of scenarios have been discussed and they have proved the value of the proposed model as a practical tool to support the decision-making process in the distribution sector.
II. PROBLEM STATEMENT
A 3 echelon electricity distribution network is considered (Fig. (1) ). The set of distribution transformation centers are considered as electricity sources p, with a maximum rated capacity that cannot be exceeded. Transformation centers s enable connection to the distribution network for final consumers c, whose demand must be satisfied. Echelons in the network are connected through lines (i.e., lines p-s and s-c).
The existing configuration of the network, the potential location for transformation centers, distances between the 978-1-4673-8463-6/16/$31.00 ©2016 IEEE nodes of the network, the time horizon and complete technical and economic data are given parameters.
Hence, the optimal distribution network (lines and transformation centers), taking into account the evolution of the equipment performance over time, must be determined. 
III. MATHEMATICAL FORMULATION
The problem is addressed through the formulation of a Mixed Integer Non-Linear Programming model in which continuous variables model rated capacities and binary variables the structural decisions for the network and its parts (i.e., facilities).
A.
Energy balances Energy balances in each transformation center must be satisfied (1-2). These energy balances are posed as inequalities rather than as equalities in order to prevent the model from forcing equipment aging to be the same at each side of the transformation center.
In these constraints, , and denote the power capacity in time period n of transformation center s, line from source p to transformation center s and line from transformation center s to consumer c, respectively. Constraint (3) forces the demand of each customer c, D cn , to be satisfied in each time period n, while (4) indicates that the distribution station rated capacity, , should not be exceeded.
B.
Capacity constraints of transformation centers Equation (5) calculates the capacity of transformation center s in a given time period n from 0 , which is a parameter accounting for the capacity of the original facilities in node s (if any); 0 , which is a continuous variable denoting the initial capacity in location s and which is dismantled in time period n';
, which is a continuous variable indicating the capacity expansion performed in each of the previous time periods n' in location s; and is a continuous variable accounting for the capacity of that expansion that is dismantled in time period n''.
Other general constraints for capacities must be defined (6)-(10). These equations make use of binary variables which indicates whether the expansion of a facility is performed in node s in time period n; 0 , which denotes whether the original facility of node s is dismantled in time period n; and , which takes a value of 1 when the capacity expansion performed in time period n is dismantled in time period n'.
and are binary variables denoting the set-up of a transformation center and its final dismantling, respectively. Their relation with other the binary variables previously defined is given by (11)-(14).
C. Equipment age Equations (15) and (16) calculate the age of each facility.
is a continuous variable denoting the age in time period n' of the facility expansion performed in time period n in location s, 0 is a continuous variable denoting the age in period n of the facility originally existing in location s, and 0 is a parameter indicating the age at the start of the operation of the existing facility installed in location s.
D. Lines Equations (5) to (19) are also applied to lines sourcetransformation station and transformation station-consumer. Due to space limitation, they are reported by the implicit equations (20) to (23).
Note that the variables in these equations are analogous to those in transformation centers differing only in the superscripts (i.e., superscript sub is replaced by in for lines source-transformation center and by out for lines transformation center-customer) and the subscripts (i.e., subscript s is replaced by pairs ps and sc for lines upstream and downstream of the transformation centers, respectively). The only exceptions for this are binary variables and which are replaced by binary variables and for input lines to transformation centers, and by binary variables and for output lines from transformation centers.
E.
Objective function The objective function is the total cost, TCost, which includes fixed and variable investment for facilities in lines and transformation centers (the parameters used for this are , , , , , , , , ), their maintenance (parameters , , ) and cost related to dismantling facilities (parameters , , ).
Maintenance costs calculations are detailed in equations (22)-(24). , and denote the factors of the investment cost, that comprise the maintenance cost. An additional factor that depends on equipment age models the increasing maintenance cost that equipment aging supposes.
Finally, the MINLP model can be formally posed as follows: DP min TCost s. t. Eqs.
(1 − 24)
IV. CASE STUDY
The proposed methodology has been applied to a case study, based on a simplified problem of a distribution company in Spain. It includes a distribution station as the source that must supply electricity to 10 consumer nodes through 10 transformation centers. No potential locations for transformation centers are available.
In the calculation process, the apparent power has been used as the demand to be supplied to consumers. Its value has been derived from the contracted power and power factor associated to each consumption point.
The time horizon analyzed comprises 10 years with a 5% annual increase in the demand. The investment costs have been calculated based on the recommendations by the National Commission of Markets and Competence [5] . The factors for maintenance cost are 1.04% for lines and a 2.29% for transformation stations [5] .
V. RESULTS AND DISCUSSION
Model DP, featuring 74225 equations, 42166 continuous variables and 22770 binary variables, was coded in GAMS 24.4.6 and solved with DICOPT providing an optimal solution with a TCost of 0.60 million €.
Fig.2 depicts the evolution of ∑
for each transformation center s in the optimal solution of DP. As can be seen, all the capacity expansions required to meet the demand of the whole time horizon are performed in year 1. An analysis of the annual evolution of the disaggregated costs in the optimal solution (Fig. 3) , reveals that these expansions must also compensate for the closure of some of the old facilities which are dismantled in the first time period (see Cost7). This is because equipment aging causes an increase in the frequency at which maintenance operations are required in old facilities, thus turning them unprofitable. Note that the fix cost associated to the installation of lines and facilities ( , , ) is particularly high. As a result, the optimal solution involves expansions in one time period only (year 1), which reaches a total cost of 0.40 million €. For the remaining years, only maintenance cost applies (see Table I for the value of the disaggregated costs). 
VI. CONCLUSIONS
This work presents a novel model for the long-term planning and sizing of electricity distribution networks under decaying performance. The model is built on that of a general supply chain and therefore it can be readily applied to similar problems (i.e., from other distribution networks, such as oil, gas and water, to waste and recycling supply chains).
Results have demonstrated the importance of accurately modeling the decaying performance of the system as otherwise, equipment sizing and cost estimation will likely become unrealistic when facing real operation.
Based on the promising findings, future work could address the acceleration of the search algorithm by using global optimization methods and the consideration of uncertainty. In addition, the model could be expanded to include reliability and supply quality considerations. 
